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HIGHLIGHTS 


•  A  boron  doped  LiMnP04  on  P-site,  LiMn(Po.gB0.i04_a),  was  synthesized  using  a  simple  solid  state  method. 

•  Diffusion  of  lithium  ions  is  improved  and  charge  transfer  resistance  is  decreased. 

•  LiMn(Po.9Bo.i04_<5)  shows  better  electrochemical  performance  compared  to  the  virginal  LiMnP04. 

•  The  discharge  capacity  of  LiMn(Po.gB0.i04_5)  is  43%  higher  than  that  of  the  virginal  LiMnP04. 

•  There  is  no  capacity  fading  after  50  cycles. 
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To  improve  the  electrochemical  performance  of  LiMnP04  cathode  for  lithium  ion  battery,  many  efforts 
focus  on  cation  doping/substitution  on  Mn-site.  Here  we  synthesize  a  boron  doped  LiMnP04  on  P-site, 
LiMn(Po.gBo.i04_5),  by  a  simple  solid-state  method.  It  is  characterized  by  X-ray  diffraction,  scan  electron 
microscopy,  cyclic  voltammograph,  electrochemical  impedance  spectroscopy  and  capacity  testing.  Re¬ 
sults  show  that  its  electrochemical  performance  is  improved  compared  with  the  virginal  LiMnP04.  It 
delivers  a  capacity  of  about  130  mAh  g-1  at  0.1  C  and  remains  71%  of  the  capacity  at  high  discharge  rate  of 
2  C.  After  50  cycles  at  0.2  C,  there  is  no  evident  capacity  fading. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  manganese  phosphate  is  a  promising  cathode  material 
for  lithium  ion  batteries  due  to  the  advantages  of  low  cost,  high 
energy  density  and  environmental  friendliness.  It  offers  a  redox 
potential  of  4.1  V  vs.  Li+/Li,  which  is  compatible  with  the  presently 
available  commercial  electrolytes  and  higher  than  that  of  LiFeP04 
[1,2].  However,  LiMnP04  also  suffers  from  extremely  poor  electro¬ 
chemical  activity  attributed  to  its  low  intrinsic  electronic  conduc¬ 
tivity  and  slow  lithium  diffusion  kinetics  [2-4].  Therefore,  many 
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efforts  have  been  made  to  overcome  these  problems  by  carbon 
coating  [5-8],  decreasing  particle  size  [7-12]  and  ion  doping  or 
substitution  [13-18]. 

Ion  doping  is  an  effective  way  to  improve  the  electrochemical 
performance  of  some  electrode  materials  for  lithium  ion  batteries 
including  LiMnP04  [13-18].  Various  cation  doped  LiMni_xMxP04 
materials  have  been  reported  [15-25].  The  introduction  of  doping 
ions  obviously  enhances  the  electronic  conductivity,  and  hence 
high  discharge  capacity  and  good  rate  capability  can  be  obtained  for 
the  doped  LiMnP04.  Up  to  now,  all  reports  focused  on  the  Mn-site 
doping  with  cation  [16-28],  and  there  is  little  report  on  anion 
doping/substitution  for  LiMnP04  at  P-site.  In  the  case  of  the  well- 
studied  LiFeP04,  there  are  only  reports  for  the  anion  doping  at 
oxygen-site  by  fluorine  or  chlorine  [29,30]. 

In  the  present  work,  B-doped  LiMnP04  materials  at  the  P-site 
were  synthesized  by  a  simple  solid-state  reaction  route.  Results 
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show  that  boron  doping  can  significantly  improved  the  electro¬ 
chemical  performance  of  the  LiMnP04. 

2.  Experimental 

B-doped  LiMn(Po.gBo.i04_5)  was  prepared  by  solid-state  reaction 
using  LiH2P04,  Mn(CH3C00)2-4H20,  LiB02-8H20  and  sucrose  as 
raw  materials,  in  which  the  molar  ration  of  Li:Mn:P:B  was 
1 :1 : 0.9: 0.1.  These  raw  materials  were  mixed  by  ball-milling  for  6  h 
and  then  heated  at  600  °C  for  10  h  under  Ar  atmosphere.  For 
comparison,  virginal  LiMnP04  and  LiMn(Pi_xBx04_«5)  with  various 
B/P  ratios  (3/7,  5/5  and  9/1)  materials  were  synthesized  by  the 
similar  way. 

The  two  samples  were  characterized  by  X-ray  diffraction  (XRD, 
D8  Advance  of  Bruker)  utilizing  Cu  Ka  radiation.  The  morphology 
and  particle  size  of  the  samples  were  observed  by  scan  electron 
microscopy  (SEM,  SEM515  of  Philips).  Thermal  analysis  of  the  two 
samples  was  performed  on  an  SDT-Q600  instrument  under  air  flow 
to  test  the  amount  of  carbon. 

Electrochemical  measurement  was  carried  out  by  the  assembly 
of  2016  coin-type  cell  with  lithium  metal  foil  as  the  counter  and 
reference  electrode.  The  working  electrode  was  made  by  mixing 
the  prepared  LiMnP04  or  LiMn(P0.9B0.iO4_(5),  Super  P  and  poly- 
vinylidene  fluoride  (PVDF)  in  a  weight  ratio  of  8:1:1.  A  solution  of 
1  M  LiPFg  in  a  1:1:1  mixture  of  ethylene  carbonate  (EC),  dimethyl 
carbonate  (DMC)  and  ethyl  methyl  carbonate  (EMC)  was  used  as 
the  electrolyte.  All  cells  were  assembled  in  an  Ar-filled  glove  box. 
Cells  were  tested  at  a  constant  current-constant  voltage  (CC-CV) 
mode  from  2.0  to  4.5  V.  Cyclic  voltammetric  (CV)  test  was  recorded 
between  2.0  and  4.7  V  at  a  scan  rate  of  0.05  mV  s-1.  Electrochemical 
impedance  spectroscopy  (EIS)  was  carried  out  in  a  frequency  range 
from  100  mEIz  to  100  kEIz  with  an  AC  signal  of  5  mV. 

3.  Results  and  discussion 

The  XRD  patterns  of  the  virginal  LiMnP04  and  LiMn(Po.gBo.i04_<5) 
are  shown  in  Fig.  1.  All  the  diffraction  peaks  of  the  two  samples  can 
be  indexed  to  the  olivine  LiMnP04  phase  and  no  impure  phase  was 
observed.  Once  more  P  was  substituted  by  B,  high  B/P  ratios  will  lead 
to  the  formation  of  impurities  such  as  Mn3(B03)2,  Li3P04  and 
LiMnB03  and  even  generate  pure  phase  LiMnB03  in  the  products  as 
shown  in  Fig.  SI.  From  the  patterns  in  Fig.  1,  broad  diffraction  peaks 


with  low  intensities  are  found,  indicating  that  the  crystallinity  for 
both  materials  is  not  high  because  of  low  heat-treatment  temper¬ 
ature  and  the  presence  of  carbon.  Substitution  of  partial  P  by  B  in 
LiMnP04  results  in  a  decrease  of  the  peak  intensity  and  an  increase 
of  the  full  width  at  half  maximum.  Based  on  the  well-known 
Scherrer  equation,  their  crystal  parameters  were  calculated.  In  the 
case  of  LiMn(P0.gB0.iO4_(5),  a,  b,  c  and  the  cell  volume  are  6.088  A, 
10.515  A,  4.707  A  and  301.33  A3,  respectively.  In  the  case  of  the 
virginal  LiMnP04,  they  are  6.105  A,  10.458  A,  4.748  A  and  303.16  A3, 
respectively.  This  means  that  B-doping  at  P-site  for  LiMnP04  leads  to 
smaller  crystal  size,  which  is  due  to  the  smaller  covalent  radius  of  B 
(0.082  nm)  than  that  of  P  (0.106  nm).  In  addition,  the  B-doping  leads 
to  less  amount  of  oxygen,  which  is  also  one  reason  for  the  smaller 
crystal  size. 

The  results  from  the  thermal  analysis  show  that  the  carbon 
amount  in  the  B-doped  and  virginal  LiMnP04  are  about  15  wt.%,  as 
shown  in  Fig.  2.  It  is  known  that  the  behavior  of  LiMnP04  is  similar 
to  that  of  LiFeP04,  and  carbon  is  essential  to  achieve  good  elec¬ 
trochemical  performance.  Elowever,  the  absence  of  carbon  diffrac¬ 
tion  peak  in  the  XRD  patterns  shows  that  the  carbon  pyrolyzed 
from  MnC4El604  and  sucrose  is  amorphous  due  to  the  low  heat- 
treatment  temperature. 

SEM  micrographs  of  the  virginal  LiMnP04  and  B-doped  LiMnP04 
are  shown  in  Fig.  3.  Some  reports  showed  that  ion  doping  could 
change  the  morphology  of  LiMnP04  [17-19].  Here  our  prepared 
virginal  LiMnP04  and  B-doped  LiMnP04  have  similar  particle  size 
and  distribution  from  the  SEM  images.  They  consist  of  submicron 
particles  with  size  range  of  200-600  nm.  Carbon  from  the 
decomposition  of  acetate  and  sucrose  not  only  acts  as  a  conductive 
additive  but  also  suppresses  the  crystal  growth  during  heating 
process. 

EIS  is  an  important  technology  to  the  study  of  lithium  ion  batteries. 
Fig.  4a  shows  the  Nyquist  plots  of  LiMnP04  and  LiMn(P0.gB0.iO4_(5), 
which  were  obtained  from  a  two-electrode  coin  cell  after  activation 
by  5  full  cycles.  The  two  plots  present  a  similar  profile  composed  of  a 
semicircle  in  a  high-to-medium  frequency  and  an  inclined  line  in  the 
low  frequency.  An  equivalent  circuit  as  shown  the  inset  of  Fig.  4a  is 
used  to  fit  the  impedance  spectrum.  The  elements  of  Rs,  CPEct,  Rc t  and 
Zw  represent  the  solution  resistance,  charge-transfer  resistance, 
double-layer  capacitance  and  Warburg  impedance,  respectively.  The 
fitting  results  shows  that  the  charge-transfer  resistance  decreases 
from  159.8  Q  in  virginal  LiMnP04  to  96.7  Q  in  LiMn(P0.gB0.iO4_(5)  due 
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Fig.  1.  XRD  patterns  of  LiMnP04  and  LiMn(P0.gB0.iO4_fl). 
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Fig.  2.  TG  curves  of  carbon  coated  LiMnP04  and  LiMn(P0.9B0.iO4_5),  and  LiMnP04 
without  carbon  under  air  atmosphere  (heating  rate:  10  °C  min-1). 
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Fig.  3.  SEM  micrographs  of  (a)  LiMnP04  and  (b)  LiMntPo.gBo.iO^). 


to  an  enhancement  in  electrochemical  kinetics  of  LiMnPCU.  According 
to  the  equation  of  D  =  l?2T2/(2n4f4C2(72)  and  the  linear  relationship 
between  Z!  and  square  root  of  frequency  (w1^2)  in  the  low-frequency 
region  (Fig.  4b),  lithium  ion  diffusion  coefficient  can  also  be  roughly 
calculated  from  the  EIS  data  [31  ].  The  diffusivity  of  lithium  ions  in 
virginal  LiMnP04  is  6.84  x  1CT15  cm2  s-1  whereas  it  is 
4.02  x  10-14  cm2  s_1  in  B-doped  sample.  The  above  observations 
demonstrate  that  boron  doping  facilitates  charge  transfer  and  lithium 
ion  diffusion. 

From  the  CV  curves  at  the  scan  rate  of  0.05  mV  s-1  (Fig.  5a),  it 
can  be  seen  that  both  materials  have  a  redox  Mn3+/Mn2+  reaction 
coupled  with  the  lithium  ion  extraction/insertion  in  the  olivine 
structure.  In  the  case  of  the  virginal  LiMnPCU,  its  redox  peaks  are 
situated  at  3.715  and  4.562  V,  respectively.  In  contract,  the  redox 
peaks  for  the  LiMn(P0.9B0.iO4_5)  are  situated  at  3.827  and  4.393  V, 
respectively.  In  addition,  the  LiMntPo.gBo.iCU^)  exhibits  larger 
response.  The  peak  separations  are  0.847  V  and  0.566  V  for 
LiMnP04  and  LiMn(P0.gBo.i04_(5),  respectively.  This  indicates  that 
LiMn(Po.gBo.i04_,5)  presents  smaller  overpotential  during  the  redox 
reaction  and  will  possess  an  ameliorated  electrochemical  perfor¬ 
mance  compared  to  the  virginal  LiMnP04. 

Boron  doping  obviously  improved  the  electrochemical  perfor¬ 
mance  of  LiMnP04  and  thus  an  enhancement  in  rate  capability  is 
expected.  Fig.  5b  shows  the  rate  performance  of  virginal  and  B- 
doped  LiMnP04  that  the  cells  were  charged  galvanostatically  to 
4.5  V,  holding  the  voltage  until  current  decrease  to  0.01  C,  and  then 
discharged  at  various  rates  to  2.5  V.  The  discharge  capacities  are 
about  100  and  130  mAh  g-1  for  LiMnP04  and  LiMn(P0.gB0.iO4_5)  at 
0.1  C.  Boron  doping  leads  to  an  increase  of  30%  in  the  discharge 
capacity.  As  the  discharge  rate  increases  from  0.1  to  2  C, 


LiMn(Po.gB0.i04_(5)  exhibits  better  rate  capability.  At  2  C,  the 
discharge  capacity  of  LiMn(P0.gB0.iO4_(5)  reaches  91.5  mAh  g-1  with 
a  capacity  retention  of  71%  while  the  capacity  of  LiMnP04  is  only 
39.6  mAh  g-1  with  a  capacity  retention  of  40%.  Therefore,  boron 
doping  can  considerably  improve  the  electrochemical  performance 
of  LiMnP04.  In  addition,  LiMn(Po.gBo.i04_5)  can  recover  its  capacity 
when  a  low  rate  of  0.1  C  is  applied  after  the  rate  test,  which  dem¬ 
onstrates  good  electrode  stability.  In  contrast,  slight  capacity  decay 
is  observed  in  the  virginal  LiMnPC^.  Of  course,  more  B-doping  will 
result  in  poor  electrochemical  performance  due  to  the  presence  of 
inactive  Mn3(B03)2  and  U3PO4  and  low  active  LiMnB03.  As  shown 
in  Fig.  S2,  the  capacities  decreased  rapidly  with  the  increase  of  B 
except  the  material  of  LiMn(Po.iBo.g04_,5). 

Charge  and  discharge  curves  of  virginal  and  B-doped  LiMnP04 
are  shown  in  Fig.  5c.  The  two  samples  reveal  a  flat  voltage  plateau  of 
about  4.1  V  at  a  low  discharge  rate  of  0.1  C,  indicating  a  two-phase 
reaction.  After  partial  P  is  substituted  for  B,  however,  the  width  of 
the  plateau  increases  and  the  voltage  difference  between  charge 
and  discharge  plateau  (AV)  decreases  obviously.  Smaller  AV  means 
less  polarization  in  the  cell  system.  This  is  consistent  with  the  above 
results  from  the  CV  curves.  As  the  discharge  rate  increases  to  1  C, 
big  polarization  is  observed  for  the  two  samples,  but  B-doped 
LiMnP04  still  displays  higher  discharge  capacity  and  smaller 
polarization. 


Fig.  4.  Impedance  spectra  of  LiMnP04  and  LiMn(P0.9Bo.i04_,5):  (a)  Nyquist  plots  and 
equivalent  circuit;  (b)  the  relationship  between  7!  and  w-1/2  in  the  low  frequency 
region. 
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Fig.  5.  Electrochemical  performance  of  LiMnP04  and  LiMntPo.gBo.iO^):  (a)  CV  curves,  (b)  discharge  capacities  at  various  rates,  (c)  charge-discharge  curves  at  0.1  C  and  1  C  and  (d) 
cycling  performance  at  0.2  C. 


In  rate  test,  B-doped  LiMnP04  demonstrates  good  electrode  sta¬ 
bility  (Fig.  5b).  To  further  confirm  its  stability,  charge/discharge 
cycling  was  carried  out  at  0.2  C  for  the  virginal  and  B-doped  LiMnP04, 
which  is  shown  in  Fig.  5d.  Slight  capacity  increases  in  the  first  several 
cycles  are  attributed  to  the  electrodes  activation,  but  no  obvious  ca¬ 
pacity  loss  is  observed  for  the  two  samples  after  50  cycles.  This  result 
proves  that  B-doped  LiMnPCU  also  has  good  cycling  performance. 

4.  Conclusions 

B-doped  LiMnP04  materials  were  synthesized  by  a  simple  solid- 
state  reaction  method  and  the  electrochemical  performance  of 
LiMnP04  is  significantly  improved  by  substituting  B  for  10  atom%  P. 
It  exhibits  good  electrode  stability  and  high  rate  capability 
compared  with  virginal  LiMnPC^.  The  discharge  capacities  of 
LiMnP04  could  be  increased  30%  at  0.1  C  and  131%  at  2  C  by  boron 
doping.  There  is  no  evident  capacity  fading  after  50  cycles  at  0.2  C. 
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